Liu and co-workers [Phys. Rev. B 82, 161415 (2010)] discussed the long-standing debate regarding whether H 2 O molecules on the defect-free (110) surface of rutile (α-TiO 2 ) sorb associatively, or there is dissociation of some or all first-layer water to produce hydroxyl surface sites. They conducted static density functional theory (DFT) and DFT molecular dynamics (DFT-MD) investigations using a range of cell configurations and functionals. We have reproduced their static DFT calculations of the influence of crystal slab thickness on water sorption energies. However, we disagree with several assertions made by these authors: (a) that second-layer water structuring and hydrogen bonding to surface oxygens and adsorbed water molecules are "weak"; (b) that translational diffusion of water molecules in direct contact with the surface approaches that of bulk liquid water; and (c) that there is no dissociation of adsorbed water at this surface in contact with liquid water. These assertions directly contradict our published work, which compared synchrotron x-ray crystal truncation rod, second harmonic generation, quasielastic neutron scattering, surface charge titration, and classical MD simulations of rutile (110) single-crystal surfaces and (110)-dominated powders in contact with bulk water, and (110) 
The rutile (110) surface in vacuum exposes bridging oxygen atoms (BO) bonded to two fully coordinated Ti 6 atoms in the surface plane, fully coordinated O 3 atoms, and undercoordinated Ti 5 atoms. In humid environments, each Ti 5 sorbs a water molecule, creating 1-coordinated terminal oxygen (TO) sites. The resulting corrugated surface that can interact with additional water layers is thus composed of alternating rows of BO, O 3, and TO sites. The first monolayer (1 ML) of adsorbed water is defined as containing the TO oxygens and the two protons brought to the surface by sorption of each water molecule, regardless of whether TOH 2 dissociates to form BOH and TOH surface hydroxyls (we refer to these species collectively as L 1 ). Liu et al. 1 (hereafter Liu 1 ) have made an important contribution to our understanding of L 1 , confirming earlier work, [2] [3] [4] [5] which indicated that the DFT-calculated difference in sorption energy ( E ads ) between fully associated and partially dissociated states, although small, is significantly dependent on the number (n) of Ti-O planes (R n ) used to model the rutile slab, with a distinct odd-even oscillation in E ads as a function of n, out to about R 8−15 for 0.5 and 1.0 ML coverage. They then conducted DFT-MD simulations with an R 4 slab in contact with multiple water layers, and reported the assertions listed above.
Using periodic DFT calculations with R 3 and R 5 slabs, 6, 7 we developed classical force-field parameters for large classical MD (CMD) simulations of water interactions with the (110) surface, 8, 9 and used the CMD results to rationalize a wide range of experimental data from x-ray crystal truncation rod (CTR), 10, 11 second harmonic generation (SHG), 12 quasielastic neutron scattering (QENS), [13] [14] [15] and macroscopic surface titration 16 studies. Liu 1 challenged the results of these DFT calculations and CMD simulations, and our subsequent DFT-MD simulations, with an R 3 slab. 17 Our CMD simulations involve the rigid, nonpolarizable SPC/E water model, and thus CMD simulations of the rutile surface were done with externally imposed extents of TOH 2 dissociation to TOH and BOH. This water model, which includes only pair-wise Lennard-Jones and Coulomb interactions, was used due to its computational efficiency, allowing large and long simulations over wide ranges of temperature, while faithfully reproducing experimental observations of interfacial and bulk water structures and diffusional dynamics, as discussed below. Note that a computational error in our initial interfacial CMD study 8 was later corrected, 9 and the corrected algorithm, which did not give significantly different interfacial water structure, was used in all studies subsequent to Ref. 8 .
II. DISCUSSION
A. Interfacial water structure X-ray CTR studies 10, 11 of rutile (110) single-crystal surfaces in contact with thick films (∼2 μm) of deionized water (DIW) define the interfacial structure, including the precise three-dimensional positions of Ti and O atoms, with a vertical positional sensitivity of 0.02Å. Liu 1 does not cite the second, more detailed study. 11 The crystal surfaces exhibited large (>0.1μm), atomically flat (110) terraces with ∼0.3% defects, mainly due to terrace edges. 18 Surface oxygen vacancies, common in ultrahigh vacuum studies, were eliminated by hydrothermal pretreatment of the air-annealed single crystal surfaces. This work unequivocally demonstrates that (a) relaxation of the crystal surface is much less than that observed under ultrahigh vacuum; 19 (b) the TO site is fully occupied by water or hydroxyl species; and (c) a second dense layer of water (2.3 ± 0.3 ML) exhibits strong vertical and lateral ordering in registry with the BO-O 3 -TO surface structure, at three distinct sorption sites.
Our CMD simulations 8, 9 of thick layers (>20Å) of liquid water in contact with rutile (110) are reasonably consistent with the CTR results, 10, 11 indicating a strongly ordered second layer (L 2 ) of water, with an average height above the Ti-O surface plane of ∼3.8Å, which agrees with Liu.
1 CMD gives a third layer (L 3 ) with peak position of ∼4.8Å for the fully associated (TOH 2 + BO) surface and ∼6Å for the fully dissociated (TOH + BOH) surface. 9 This layer exhibits much weaker lateral ordering. The integrated coverage in the CMD L 2 + L 3 layers is 2.8 ML up to the distance 7.1Å from the surface, identified as the outer boundary of L 3 . The second dense layer of water observed by CTR (2.3 ± 0.3 ML) thus appears to contain both strongly structured L 2 water molecules and part of the more weakly structured L 3 layer identified in CMD.
The high degree of vertical and lateral ordering of water beyond L 1 observed by CTR and CMD is inconsistent with the R 4 DFT-MD simulations of Liu, 1 which show only weak ordering and density maxima for second and third water layers. Two of the second-layer sorption sites observed in DIW by CTR 11 exhibit O-O distances to BO oxygens (2.42 ± 0.05 A) and TO oxygens (2.37 ± 0.14Å) that are much shorter than is observed in bulk water at ambient conditions from both experimental and computational studies 20 (∼2.8Å), indicating stronger hydrogen bonds between surface and second-layer water molecules than between bulk water molecules. Our R 3 DFT-MD simulations 16, 17 give an interfacial water structure that is in qualitative agreement with the CTR results, 17 and also indicate shortened L 2 hydrogen bond lengths relative to bulk water. 8, [13] [14] [15] and by other researchers referenced therein. Liu's DFT-MD simulations were conducted at a simulation temperature of 360 K. They report a diffusion coefficient of 0.02Å 2 /ps for associated L 1 water and 0.07Å 2 /ps for L 2 water, claiming that the latter is characteristic of bulk water based on a recent DFT-MD study, 21 which reported a bulk water self-diffusion coefficient of 0.08Å 2 /ps. However, the latter simulations 21 were conducted at 300 K, 60 K lower than the Liu 1 simulations. Furthermore, Kühne et al. 21 emphasized that long simulations (∼250 ps) with large systems (128 water molecules) were needed to provide adequate statistics to extract diffusional dynamics of bulk water, whereas Liu's 1 simulations ran for only 25 ps and involved only 8 water molecules in each layer. Finally, the DFT-MD simulated bulk water self-diffusion is three times slower than that of real bulk water (0.2395Å 2 /ps) at 300 K. 21 Taking into account the 60-K difference in simulation temperatures, this indicates a "diffusional" dynamic of L 2 water from Liu's 1 work that may be two to three times slower than that of DFT-MD simulated bulk water 21 and ∼six to nine times slower than real bulk water at 300 K. This is consistent with our more recent CMD simulations, 22 which capture fairly accurately the self-diffusion of real bulk water at 300 K, but indicate much slower translational diffusion of L 2 water. 14,15, 22 We did not observe translational diffusion of L 1 water molecules during CMD simulations extending to 1-2 ns, but longer simulations discussed below reveal even slower translational diffusion of L 1 water.
B. Interfacial water dynamics
In order to test the CMD results, we conducted extensive quasielastic neutron scattering (QENS) studies [13] [14] [15] that probed directly the diffusional dynamics of water adsorbed on variably hydrated (1.5 to 3.5 ML) rutile nanoparticles with the (110) crystal surface predominant. The dynamic results, which Liu 1 do not discuss, indicate that there is an interfacial water diffusional component, which we ascribed, based on combined analysis of CMD and QENS data, to true translational jumps of strongly H-bonded L 2 water into L 3 , exhibiting a temperaturedependent, nanosecond-scale characteristic relaxation time that changes substantially when the hydration level is varied from 3.5-to 1.5-ML coverage. 15 The relaxation time for this motion at 300 K is several orders of magnitude slower than any diffusional relaxation time exhibited by bulk water from similar QENS experiments. 23, 24 Furthermore, we reported an even slower characteristic relaxation time for L 1 translational diffusion (27 ns at 300 K and 3.5-ML coverage) from CMD simulations using the same model, 9 but extended to 50 or more nanoseconds. 14, 15 This directly contradicts the assertion of Liu 1 that near-surface water diffusional dynamics are similar to the dynamics of bulk water.
To use to explain their experimental data gives a characteristic L 1 to L 2 exchange time (1/k 12 ) of ∼74 ns at 300 K, which is even slower than the 27 ns we reported from CMD 14 for 3.5-ML coverage . This is confirmed by subsequent analysis of 10 to >50 ns CMD simulations at 1.5-ML total coverage, 15 which indicates a translational diffusion time for L 1 of ∼45 ns at 260 K (not previously reported). We assert that Liu 1 could not have observed this true translational diffusion process (e.g., oxygen atom exchange between L 1 and L 2 ) in a statistically significant fashion from their 25-ps simulations. It is important to note that our QENS and CMD studies indicated much faster (tens of picoseconds) rotationlike diffusion dynamics of water in the interfacial region, 13, 14 although still ∼10 times slower than the equivalent rotationlike dynamic in bulk water. 24 Qvist and coworkers 24 demonstrated that bulk water exhibits intrabasinal and interbasinal diffusional dynamics, with the former having both rotational and translational characteristics, and the latter representing true jump-type translational diffusion. These motions exhibit similar characteristic relaxation times in bulk water near room temperature, 24 although they diverge at lower temperatures in supercooled water. We have argued 14, 15 that L 1 and L 2 water molecules on the rutile surface exhibit equivalent types of rotationlike and translational diffusive dynamics, but the characteristic relaxation times remain widely separated, even near room temperature. 13, 14 
C. Water dissociation
In our CTR studies, 11 we observed that the terminal Ti 5 -O bond length changed from 2.13 ± 0.03Å in DIW to 2.05 ± 0.03Å when the DIW was replaced by an RbCl + RbOH solution at pH 12. This was interpreted, 11 in conjunction with DFT calculations, 6, 7 as being a result of increased dissociation of terminal TOH 2 water molecules at the higher pH. The CTR data indicated 30 ± 15% dissociation of TOH 2 in DIW and 65 ± 15% at pH 12.
11 These observations are consistent with our macroscopic surface protonation model, 16 which was parametrized from experimental surface charge titrations of (110)-dominated rutile powders, 10, 26, 27 coupled with CMD simulation results. 8, 9 This model predicts similar pH-dependent levels of TOH 2 dissociation (24% in DIW and 64% at pH 12), and a nearly constant level of protonation of the bridging oxygen in DIW and 1 molal RbCl + RbOH at pH 12, thus explaining the lack of change in the average BO bond length. 11 These results directly contradict the assertion of Liu 1 that L 1 water does not dissociate. In support of their assertion, Liu 1 cite high-resolution electron energy-loss spectroscopy (HREELS) studies 28 of the vibrational states of L 1 water. We do not question the experimental approach employed in that study, but simply point out that Henderson 28 reported dissociative adsorption below 0.13 ML at 135 K and possibly 10% or more dissociation of L 1 at 275 K and 4.5 ML.
There is widespread evidence that metal oxides exposed to liquid water develop pH-dependent surface charge, 29 generally ascribed to protonation and deprotonation of surface oxygens. 30, 31 A number of approaches based on bond-valence principles have been developed to quantitatively predict the proton affinities of oxygens in specific bonding configurations on individual crystal faces. 16, 30, 32, 33 These efforts demonstrate that the surface charge is a cumulative effect of the differing proton affinities of surface oxygens and adsorbed water molecules, and the net surface charge density is a sum over the surface densities and partial charges of variably protonated positive, negative, and neutral sites, the relative densities of which vary as a function of bulk solution pH. Our extensive pH titrations of submicron rutile powders indicate that the pH at the point of zero charge (PZC) of TiO 2 powders with the (110) surface termination predominant (and with surface areas ranging from 14 to 181 m 2 /g) is 5.4 ± 0.2 at 300 K. 10, 13, 16, 26, 27 This is consistent with the PZC of 4.8 ± 0.3 we obtained from SHG measurements 12 on single-crystal rutile (110) in contact with bulk aqueous solutions at the same temperature, even though the powders exhibit other crystal faces in addition to (110). The SHG study, 12 not cited by Liu, 1 serves as a powerful link between our macroscopic pH titrations of rutile powders and atomic-scale processes probed by x-ray CTR 10,11 and molecular modeling. 8, 9, 17 Rutile single crystals obtained from the same commercial source and pretreated in the same way, and exhibiting very low defect densities, were employed in the CTR 10, 11, 18 and SHG 12 studies. Thus, we conclude that CTR, SHG, and powder titrations all reflect the intrinsic surface protonation behavior of rutile (110), and all indicate partial, reproducible, and predictable dissociation of TOH 2 .
Our R 3 DFT-MD simulations at 3.5-ML coverage and 280-320 K also indicate ∼25% dissociation 17 of TOH 2 , entirely consistent with the CTR and titration results. Liu 1 did not observe L 1 dissociation in R 4 DFT-MD simulations. It is possible that their simulations, which were conducted over short time and length scales, did not reflect an equilibrium surface configuration. We note also that their simulations employed D 2 O, rather than H 2 O. A lower degree of dissociation of the former might have been expected since bulk D 2 O has an experimental acid dissociation constant at 300 K that is an order of magnitude smaller (pK a = 15) than that for bulk H 2 O (pK a = 14). 34 Of further interest in this regard are the data presented by Liu, 1 which show E ads values of + 0.1 to + 0.28 eV/molecule at 0.5-ML coverage, compared with only + 0.06 to + 0.12 eV/molecule at 1-ML coverage. It is generally accepted that energy differences below about 0.06 eV are within the uncertainty in various DFT functionals. Thus, the large decrease (by a factor of 2) in E ads from 0.5-to 1.0-ML coverage 1 suggests that additional water layers beyond 1 ML must also be considered in evaluating sorption energy differences, but which Liu 1 does not appear to have considered. Furthermore, it must be stressed that we consistently observe ∼75% intact TOH 2 in DIW at 300 K, despite negative calculated E ads values for our R 3 DFT slabs. This clearly demonstrates that at very small energy differences between associated and dissociated states, both surface configurations should coexist, regardless of whether the sign of E ads is positive or negative. Finally, the sorption energies calculated by Liu 1 are not Gibbs free energies, and thus do not include entropic effects, which would favor more surface states (e.g., BOH and TOH in addition to BO and TOH 2 ). This entropic factor can not be ignored, particularly at very small energy differences between the associated and partially dissociated states.
III. CONCLUSIONS
A consistent and sensible picture clearly emerges from the combination of atomic-scale probes, classical and ab initio molecular modeling, and macroscopic titration studies presented in our previous publications. We describe a rutile (110) surface populated substantially by BO, BOH, TOH, and TOH 2 , with the relative proportions controlled primarily by solution pH, temperature, ionic strength, and other variables normally associated with the thermodynamics of aqueous reactions. There is no discontinuity between our computational studies of idealized interactions of small rutile clusters interacting with a few layers of model water, and real or simulated bulk fluid-solid interactions. Furthermore, analysis of interfacial water structure and dynamics indicates strong L 2 -surface H-bonding, and true translational diffusion of L 2 and especially L 1 that are very much slower than the translational diffusion of bulk water molecules near room temperature.
These observations clearly contradict the assertions by Liu 1 regarding the structure, dynamics, and reactivity of interfacial water at rutile (110) surfaces.
We wish to point out here that we have also conducted extensive and integrated studies of the properties of water at the (110) surface of cassiterite (SnO 2 ), 13, 16, [35] [36] [37] [38] which is isostructural with rutile, but with slightly larger lattice parameters. It appears from preliminary calculations that DFT slab thickness is not as significant an issue for cassiterite, and DFT calculations and simulations 37 indicate a higher degree of dissociation of L 1 water on SnO 2 than on rutile. Even on that surface, however, we have reported equilibrium constants for deprotonation of BOH and protonation of TOH sites, with the primary difference between the rutile and cassiterite surfaces being a higher proton affinity of the BO site on cassiterite than on rutile (110). 16 We furthermore see the same three diffusional dynamic components on SnO 2 nanopowders 13 as we observed for rutile with similar characteristic relaxation times. Finally, the water structure at these two oxide surfaces beyond L 1 is qualitatively similar. 13, 36 In fact, the behavior of water on these surfaces is similar to that on many oxides studied by x-ray reflectometry, 39 QENS, [40] [41] [42] and CMD simulations. 43 The preponderance of evidence appears to indicate that molecular calculations and simulations based on the R 3 and R 5 rutile (110) slab configurations, and CMD simulations parametrized using these configurations, are consistent with results from a wide array of experimental data on the structure and dynamics of interfacial water. In this sense, we suggest that our molecular models may be right for the wrong reasons, although the CMD simulations should not be as sensitive to slab thickness as the DFT-MD simulations. We will explore this in a future publication, but suggest here the possibility of sufficient systematic error in all density functionals to render the issue of slab thickness in molecular simulation of oxide-water interactions somewhat moot. Therefore, we suggest that the proper question is not if water dissociates at the rutile (110) surface, but to what extent?
